Most prior work on performance analysis of ultradense cellular networks (UDNs) has considered standard powerlaw path loss models and non-line-of-sight (NLOS) propagation modeled by Rayleigh fading. The effect of line-of-sight (LOS) on coverage and throughput and its implication on network densification are still not fully understood. In this paper, we investigate the performance of UDNs when the signal propagation includes both LOS and NLOS components. Using a stochastic geometry based cellular network model, we derive expressions for the coverage probability, as well as tight approximations and upper bounds for both closest and strongest base station (BS) association. Our results show that under standard singular path loss model, LOS propagation increases the coverage, especially with nearest BS association. On the contrary, using dual slope path loss, LOS propagation is beneficial with closest BS association and detrimental for strongest BS association.
I. INTRODUCTION
Network densification is foreseen as one of the key enablers to realize the vision of emerging 5th generation (5G) wireless networks [1] , [2] . Heterogeneous cellular network (HetNet) deployment is a promising and effective way to provide high cellular network capacity by overlaying conventional macrocell architecture with heterogeneous architectural features, such as small cellular access points (picocells and femtocells), low-power fixed relays, and distributed antennas. Ultra-dense networks (UDNs), i.e., dense and massive deployment of small cells, are expected to achieve higher data rates and enhanced coverage by exploiting spatial reuse, while retaining at the same time seamless connectivity and low energy consumption. Supported by recent studies, UDNs are expected to achieve unprecedented data rates and power consumption reduction. Nevertheless, most prior performance analyses use spatial models, in which the base stations (BSs) are located according to a homogeneous Poisson point process (PPP) and propagation is modeled using standard power-law path loss and Rayleigh fading. For instance, using the aforementioned model with nearest BS association [3] and strongest BS association [4] , throughput is shown to grow linearly with the density of BSs per area in the absence of background noise.
Recently, there has been a growing interest in devising increasingly realistic models for system-level performance evaluation of cellular networks. In this respect, [5] studies the impact of dual slope path loss on the performance of downlink UDNs and shows that both coverage and capacity strongly depend on the network density. In [6] , a stochastic geometry based framework for millimeter wave (mmWave) and path loss with line-of-sight (LOS) and non-line-of-sight (NLOS) propagation is proposed. Further models and studies on the effect of LOS propagation in higher frequencies can be found in [7] , [8] . However, all previous studies capture the effect of LOS on the large-scale fading (i.e., path loss), yet always assuming Rayleigh fast fading. This is a coarse simplification, mainly due to tractability, which can significantly alter coverage and throughput performance, since LOS propagation is known to be subject to Ricean fast fading.
In this work, we broaden prior studies on network densification and propose a general stochastic geometry based framework for the effect of LOS/NLOS propagation in both small-scale and large-scale fading. This allows for a practically relevant analysis of UDNs under a more realistic setting, which models LOS propagation using Ricean fading; more precisely, we approximate the Rician fading by Nakagami-m distribution for tractability. Remarkably, the proposed framework accommodates generalized distance-dependent LOS probability functions; in addition, it encompasses both closest and strongest BS association, as well as single-and multi-slope path loss. As a particular scenario, we consider the ITU-R urban microcell (UMi) LOS probability model [9] and provide a tractable approximation for the coverage probability. Our results provide crisp insights into the coverage and throughput performance and show the impact of LOS on BS association. We show that, under standard power-law path loss model, LOS propagation increases the coverage, especially with closest BS association. On the contrary, considering dual-or multi-slope path loss models, LOS propagation is beneficial for closest BS association and detrimental for strongest BS association.
II. SYSTEM MODEL
We consider a typical downlink user equipment (UE) located at the origin of the Euclidean plane. For the location distribution of the BSs, we consider the marked Poisson point
where the underlying point process Φ {x i } ⊂ R 2 is a homogeneous PPP with density λ and the mark h xi ∈ R + represents the channel power fading gain from the BS located at x i to the typical UE. Let : R + → R + denote the path loss function. In the first part or unless otherwise stated, we assume the standard power-law path loss model with (r xi ) = r −α xi , where r xi x i . In Section V, we generalize our results for a multislope path loss model. Lastly, we assume that all BSs transmit with unit power.
The signal-to-interference-plus-noise ratio (SINR) when the typical UE is associated to the BS located at x is given by
where I is the overall interference term defined as
and σ 2 is the additive noise power. In our model, each BS is characterized by either LOS or NLOS propagation independently from the others and regardless of its role as serving or interfering BS. Assuming a distance-dependent LOS probability function p LOS (r x ), i.e., the probability that a BS located at x experiences LOS propagation, which depends on the distance r x , the distribution of the channel power gain is expressed as
where f LOS (z) and f NLOS (z) are the pdfs corresponding to LOS and NLOS propagation, respectively. In the following, we assume that the channel amplitudes are Rayleigh distributed in NLOS propagation condition and Nakagami-m distributed in LOS conditions; hence, the channel power gains are distributed according to exponential and Gamma distributions, respectively. The complementary cdf of the latter is given bȳ
where the last equality holds when m is an integer; note thatF NLOS (z) can be obtained from (4) simply by setting m = 1. Approximating Ricean fading with a Nakagamim distributed amplitude is common practice because of its tractability, flexibility, and good fitting performance. In the general LOS case, m is computed as m
where K is the Ricean K-factor representing the ratio between the powers of the direct and scattered paths. 1 For simplicity, we focus on the interference-limited case, where I σ 2 in (1) and hence work with the signal-to-interference ratio (SIR).
III. SIR COVERAGE WITH LOS PROPAGATION
In this section, we provide our most general result, which is an expression for the coverage probability when both serving and interfering BSs independently experience either LOS or NLOS conditions, depending on their distance from the typical UE; note that we define the coverage probability as the probability that the received SIR is larger than a target θ, i.e., P cov (θ) = P(SIR > θ); both closest [3] and strongest (i.e., highest SINR) [4] BS association are considered.
The result is shown below in Theorem 1. Before, let us introduce the following preliminary definitions. We define
which allow us to generalize our results for both closest and strongest BS association. Furthermore, we use P NLOS cov (θ) and L NLOS I (s) to denote the coverage probability and the Laplace transform of the interference, respectively, when there is only NLOS propagation:
The coverage probability is given by (10) 
The expressions above are valid for any integrable p LOS (r). However, the particular characteristics of this function will determine how easily the integrals can be evaluated. Inspired by 3GPP channel models, in the following section, we propose a model for p LOS (r) that greatly simplifies the resulting expressions, while still capturing the underlying physical phenomena.
IV. TRACTABLE LOS PROBABILITY MODEL
Several LOS probability models have been proposed in the literature, most of them distance-dependent. A commonly used model is the ITU-R UMi model [9] (referred to as 3GPP model in the following), given by
where the propagation is always in LOS conditions for r ≤ 18 m. In practice, this implies that, for densities above λ = 10 −2 BS/m 2 and closest BS association, the probability of LOS coverage is very close to one. As a consequence, some NLOS terms in the previous expressions could be neglected. Following this line of thought, we propose the following simplified model that preserves the flatness of the first part of the curve and can be used for analytical calculations; our numerical results will show that it approximates very accurately widely used 3GPP channel models. Its expression
is given by
with D > 0 being the critical distance below which all BSs are in LOS conditions. In this scenario, the coverage probability in (10) simplifies as
Here, L NLOS I (s) is the Laplace transform of the interference when all the BS are in NLOS conditions introduced in (8). On the other hand, the Laplace transform comprising both LOS and NLOS conditions admits now a much simpler expression, denoted above by L LOS I (s) and given by 
where P NLOS cov (θ) is the coverage probability when there is only NLOS propagation defined in (7) .
Proof: See Appendix II.
These expressions can now be evaluated by resorting to numerical integration and differentiation. However, the latter can be cumbersome in practice, especially for large values of m. Thus, to make numerical evaluation more efficient, a simpler tractable upper bound with no derivatives is sometimes more practical. The following Lemma provides a result that can be used for this purpose. Lemma 1. For the summation in (13), the following inequality holds:
Proof: See Appendix III.
V. IMPACT OF MULTI-SLOPE PATH LOSS ON NLOS/LOS COVERAGE So far we have assumed a simple power-law path loss model with a single path loss exponent. However, the general framework provided in Section III admits a straightforward extension to multi-slope path loss models with N different path loss exponents {α n } N −1 n=0 (cf. [5] ). In particular, the coverage probability is given by (17) at the top of the next page, where the values {R n } mark the transition distances between the different path loss exponents {α n }; we note that, for coherence, R 0 = 0 and R N = ∞. In (17), the Laplace transforms of the interference are given by
(18) and (19) at the top of the next page: here, we have defined an alternative set of transition distances { R n } that are equal to {R n } with the exception of R 0 = ν(r).
VI. SIMULATION RESULTS
In this section, we numerically evaluate the derived expressions of the coverage probability and assess the impact of LOS propagation under the assumption of both closest and strongest BS association.
The reported numerical results are obtained by means of Monte Carlo simulations for 10 5 realizations of the PPP with density λ ∈ [10 −4 , 10 1 ]. To begin with, we use the 3GPP LOS probability model in (11); then we compare it with the simplified LOS probability model in (12) with D = 18 m. The coverage probabilities in these two settings are compared with the tractable upper bound obtained using the result in Lemma 1. In the following, we plot both the SIR and the SINR coverage probabilities, where for the latter we assume SNR 1/σ 2 = 10 dB; furthermore, we use θ = −5 dB and θ = 0 dB as SIR/SINR thresholds. All channels in LOS conditions are characterized by Ricean fading with K-factor K = 15 dB: their amplitude is approximated with a Nakagamim distribution with m = (K + 1) 2 /(2K + 1) rounded to the nearest integer (this corresponds to having m = 17). We examine both single-and dual-slope path loss models, with α = 4 for the former and α 0 = 2.1, α 1 = 4, and R 0 = 10 m for the latter. Figure 1 plots the coverage probability with the 3GPP model in (11) . When closest BS association is considered, taking into account the LOS propagation implies a substantial increase of the coverage probability; on the other hand, under strongest BS association, no noticeable difference is observed. This behavior lies in the fact that, with closest BS association, the serving BS is likely to be in LOS conditions, which results in higher SINR as the interferers lie further than the distance from the closest BS; on the contrary, with strongest BS association, the signal from the serving BS is not necessarily in LOS condition and grows at the same rate as the interference.
A general and important result is that the impact of LOS propagation with closest BS association is comparable to the effect of switching to strongest BS association in NLOS.
From Figure 2 , which focuses only on the SIR coverage probability, it is evident that the simplified 3GPP model resembles very closely the 3GPP model for densities above approximately λ = 10 −3 . On the other hand, the tractable upper bound on the coverage probability is remarkably close to the simplified 3GPP model in the decreasing part of the curve, whereas it is less accurate in the flat part and becomes tighter for decreasing SIR threshold. Furthermore, we note that the limit in Corollary 1 holds already at densities as low as λ = 10 −4 .
Lastly, we evaluate the coverage probability using a dualslope path loss model in Figure 3 . In this setting, LOS propagation is beneficial for closest BS association and detrimental for strongest BS association. This contrasting behavior can be explained as follows. With closest BS association, the link between the typical UE and the serving BS experiences LOS propagation and path loss exponent α 0 with high probability in general and with probability one in the ultra-dense regime; on the other hand, the closest interfering BS, which is located further than the nearest neighbor distance, can be either NLOS or LOS conditions depending on the density, and its power is generally lower than the received signal power. Otherwise stated, for low-to-moderate BS densities, the UE is likely to have LOS propagation with the serving BS and NLOS with most of the interfering BS, i.e., the received power is higher than the interference power. With strongest BS association, most of the interfering BS experience LOS and are in the near-field (with path loss exponent α 0 ), while the serving BS is not necessarily in the near-field for low-to-moderate densities. Nevertheless, the detrimental effect of LOS on the coverage vanishes in the ultra-dense regime.
VII. CONCLUSIONS In this paper, we propose a stochastic geometry based framework to study the effect of LOS/NLOS propagation on network densification. In particular, we model the LOS propagation as Ricean fading, in contrast to prior work that only assumes Rayleigh fading: this allows for practically relevant performance analysis of UDNs under a more realistic setting. Remarkably, the proposed framework accommodates generalized distance-dependent LOS probability functions; in addition, it encompasses both closest and strongest BS association, as well as single-and multi-slope path loss models. As a particular scenario, we consider the 3GPP LOS probability model and provide a tractable approximation of the coverage probability. Our results provide useful insights into the coverage and throughput performance and show the impact of LOS propagation on BS association. We show that under a standard power-law path loss model, LOS propagation increases the coverage, especially with closest BS association. Moreover, considering dual-or multi-slope path loss models, LOS propagation proves to be beneficial for closest BS association and detrimental for strongest BS association.
APPENDIX I PROOF OF THEOREM 1
We start by obtaining the expression of the Laplace transform of the interference as
By sequentially applying Bayes theorem and the PGFL of a PPP, we obtain (22)-(23) at the top of the next page, where the operator E h∼LOS [ · ] denotes the expectation when h is subject to LOS fading, which gives E h∼LOS exp(−sht −α ) = (1 + st −α /m) −m , and we note that the corresponding expectation with NLOS conditions is obtained by setting m = 1. Note that the lower limit of the integral changes according to the type of BS association (i.e., closest or strongest). After substituting this expression into (23), we just need to write the coverage probability as a function of the Laplace transform of the interference. We can show that closest BS and strongest BS associations converge to a similar formulation.
1) With closest BS association and θ > 1:
where dF (r) = 2πλe −πλr 2 r; 2) With strongest BS association:
We note that the only difference in form between (24) and (27) lies in the term e −πλr 2 ; we can thus unify them by using (5) 
The proof is finalized by substituting (30) and (31) into (29).
APPENDIX II PROOF OF COROLLARY 1
The average distance of the nearest neighbor is given by [10] E min
Therefore, when λ → 0, it is not difficult to show that no point of the PPP falls within r ∈ [0, D]. This implies the following: 
We now use Alzer's inequality [11] γ(m, z) Γ(m) 
Then, observing that −(−1) k = (−1) k+1 and that m 0 L I (0) = 1, i.e., the term in the sum with k = 0, the upper bound in (16) readily follows.
